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Abstract

Literature on the neurobiological bases of Post-Traumatic Stress Disorder (PTSD) considers
medial Prefrontal cortex (mPFC), a core region of the Default Mode Network (DMN), as a region
involved in response regulation to stressors. Disrupted functioning of the DMN has been recognized
at the basis of the pathophysiology of a number of mental disorders. Furthermore, in the evaluation
of the protective factors to trauma consequence, an important role has been assigned to resilience.

Our aim was to investigate the specific relation of resilience and PTSD symptoms severity with

resting state brain connectivity in a traumatized population using magnetoencephalography (MEG),
a non-invasive imaging technique with high temporal resolution and documented advantages in
clinical applications.

Nineteen Trauma Exposed non-PTSD (TENP) and 19 PTSD patients participated to a
resting state MEG session. MEG functional connectivity of mPFC seed to the whole brain was
calculated. Correlation between mPFC functional connectivity and Clinician Administered PTSD
Scale (CAPS) or Connor-Davidson Resilience Scale (CD-RISC) total score was also assessed.

In the whole group, it has been evidenced that the higher was the resilience, the lower was
the cross-network connectivity between DMN and salience network (SN) nodes. Contrarily, in the
TENP group, the negative correlation between resilience and DMN-SN cross-interaction
disappeared, suggesting a protective role of resilience for brain functioning.

Regarding our findings as a continuum between healthy and pathological after trauma

outcomes, we could suggest a link between resilience and the good dialogue between the networks

needed to face a traumatic event and its long-term consequence on individuals’ lives.

Keywords: Resting State Functional Connectivity (RSFC); PTSD; Resilience;
Magnetoencephalography (MEG); Salience Network (SN); Default Mode Network (DMN)



1. Introduction

Post-Traumatic Stress Disorder (PTSD) is a psychiatric disorder characterized by intense
fear due to the continuous reliving of the past trauma, exaggerated responses to emotionally
negative stimuli, and tendency to misinterpret innocuous stimuli as potential threats (1).

The functional topography of fear processing in PTSD patients has been largely explored
with functional magnetic resonance imaging (fMRI) and positron emission tomography (PET). Due
to its role in the processing of emotional stimuli and in the triggering of homeostatic
neurovegetative responses to stress, amygdala activation has received special attention: increased
amygdala response to emotional and neutral visual stimuli was observed in PTSD patients
compared to control subjects (2-4). Furthermore, medial Prefrontal cortex (mPFC) plays a key role
in the modulation of emotional response through amygdala inhibition (5-7). The traditional model
of neural mechanisms underlying PTSD suggests that hypoactivation of the mPFC results in a loss
of top-down inhibitory control and amygdalar hyper-responsivity that, in turn, generate trauma
reliving and hyperarousal (8, 9). In a more recent formulation of PTSD neurocircuitry, the attention
has been moved from the neural basis of fear response to the more general role of mPFC in emotion
regulation, social cognition and self-referential processing (6, 9). The Anterior Cingulate cortex
(ACC) and mPFC activity has been observed in several studies, and their involvement in stress
response, traumatic reminders, emotion regulation has also been supposed (10-13). Furthermore,
mPFC, together with Precuneus and bilateral inferior parietal cortex, represents a core region of the

Default Mode Network (DMN) (14, 15). The network study, based on resting state functional

connectivity, has indeed reached a growing importance for both diagnosis and prognosis. A more

in-depth knowledge of this network has been suggested as a useful approach in psychiatric patients,

due to its more efficient discriminatory power with respect to measurement of regional differences

(16, 17). Specifically, disrupted functioning of the DMN has been recognized at the basis of the
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pathophysiology of a number of mental disorders, such as schizophrenia, anxiety, depression and
PTSD (13, 18-21). So far, several results indicating altered within-DMN connectivity in PTSD
patients have been reported (see Peterson et al., 2014 for a review) (22). Interestingly, DMN
alteration has been hypothesized to be at the basis of some PTSD symptoms, including exaggerated
emotional response and misperception of benign stimuli as potential threat, because of a loss of
efficiency in the internal modulation of these responses (23).

In the same framework, the neurocircuitry underlying several mental disorders seems to be
better understood considering large-scale brain interactions between different networks. Menon
(2011) (23) proposed that alteration in the interaction between DMN, Salience Network (SN) and
Central Executive Network (CEN) may cause a maladaptive individual-environment interaction.
Specifically, DMN and SN behave antagonistically during the resting state condition (15, 24, 25).
Conversely, high cross-network connectivity has been observed between SN and DMN nodes
during resting state in a group of earthquake survivors (26). It has also been suggested that
abnormal interconnectivity between DMN and SN could contribute to some PTSD symptoms, such
as hyperarousal and avoidance (25).

More recent research on brain connectivity in psychiatric diseases has benefitted from the

study of the relationships between neural biomarkers and clinical symptom scales. Several studies

on PTSD moved towards this direction, relating post-trauma symptoms severity to neural correlates

(13, 17, 27). In the present study, we aim at investigating the relationship between resting state

large-scale network connectivity and post-trauma symptoms severity in traumatized individuals.

Since the relation between clinical scales scores and neural correlates may contribute to

define the post-trauma individual profile, a special attention in this field should be paid to

vulnerability and resilience measurements. Resilience refers to a dynamic process thanks to which

individuals can positively adapt to a significantly adverse context, and can be able to grow despite

adversities (6, 28, 29). This personal characteristic has been also defined as a multidimensional
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phenomenon, encompassing internal locus of control, social problem-solving skills, sense of

meaning, and self-esteem (30). The incidence of PTSD in the general population is low. When it is

confronted with a traumatic episode, a minor part of subjects develops PTSD symptoms, whereas a

spontaneous recovery occurs in a large part of the population (6). Among the individual differences,

resilience represents the personal characteristic that could contribute to a positive post-trauma

outcome. The comprehension of the neural mechanisms at the basis of resilience may provide

valuable tools for prevention and treatment of post-trauma diseases. In his model of allostasis,

Charney (2004) isolated eleven neurochemical, neuropeptide and hormonal possible mediators of

the psychobiological response to stressors. Furthermore, the author examines the neural mechanism

mediating reward, fear conditioning and social behavior circuits that are considered to be relevant to

the character traits linked to resilience (28). Interestingly, as the author highlighted, the mPFC is the

only brain structure involved in all three circuits. Nevertheless, a restricted number of studies

searched a relationship between resilience and brain functioning. In an fMRI study on healthy

subjects, Waugh and colleagues (2008) showed that participants with high-trait resilience exhibited
a lower Insular activity with respect to the low-trait-resilience group in response to neutral stimuli
following a threat cue, thus suggesting a rapid and appropriate evaluation of the neutral information

(31). Another fMRI and perspective study investigated the predictive value of resilience for PTSD

development, and the neural correlates underpinning the relation between resilience and post-

trauma recovery in an acutely traumatized population (30). The authors found that resilience

predicted PTSD symptoms at 5 - 6 weeks and at 3 months. Furthermore, they measured the relation

between resilience score and BOLD response during trauma recall, revealing a significant

relationship between trait resilience and right thalamus and inferior frontal gyrus, both involved in

emotion requlation.

Finally, in his review, van der Werff proposed a model of functional and structural circuits

putatively involved in resilience, highlighting that, among the studies on traumatized individuals, an
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overlapping could be observed between the neural circuit of resilience and the one involved in

emotion regulation (6). The author supposed that, from a functional point of view, an increased

emotion upregulation (induced from mPFC) could be at the basis of individual resilience.

Furthermore, this review indicates that the connectivity between amygdala-prefrontal cortex and

other networks such as DMN or SN could play a primary role in resilience.

Considering on one hand the medial Prefrontal cortex key role in emotion requlation and

resilience, and, on the other hand, the potential insight coming from the study of large scale network

connectivity, an interesting contribution to the understanding of post-trauma recovery could be

represented by the investigation of the relationship between resilience and resting state functional

connectivity (RSFC) of mPFC, as a DMN node, with other networks. Nevertheless, to the best of

our knowledge, no studies that directly correlate resting state functional connectivity to resilience

have been so far conducted in a traumatized sample. Furthermore, the great majority of RSFC

studies in PTSD have been carried on with fMRI, while only a few resting state

magnetoencephalography (MEG) studies have been so far performed on PTSD.

MEG is a non-invasive high-resolution imaging techniqgue whose advantages in clinical

applications have been documented (32). In the past decade, the improvement of instruments and

modeling technique developed in this field allowed a promising growth of MEG application to the

characterization of neural mechanisms at the basis of several mental diseases. To date, findings

from MEG resting state studies suggest atypical long-range hyperconnectivity in the high gamma

band of resting state networks in PTSD patients compared to traumatized controls (33).

Interestingly, another study by the same group revealed that PTSD severity positively correlated

with gamma synchrony within the SN (34). These data encourage the use of MEG to look for MEG-

based PTSD biomarkers, mainly connecting MEG results with clinical symptoms (32). Moreover,

pharmaco-MEG, based on the changes in neuronal processing, induced by drug chemical
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neuromodulation and measurable on the millisecond time-scale, has been successfully used in

patients to understand brain pathologies and drug-treatment effects (35).

The present MEG study aims at directly investigating the relationship of resting state
functional connectivity between the anterior frontal node of DMN (mPFC) and the whole brain with
resilience, as measured by means of the Connor-Davidson resilience scale (CD-RISC) (36), and
PTSD severity according with Clinician Administered PTSD Scale (CAPS) (37) in PTSD patients
and Trauma Exposed Non-PTSD (TENP) participants. The functional connectivity approach we
used, being based on the maximization of imaginary coherence (38), allows disclosing
communication between segregated brain areas though synchrony in specific frequency channels.
Moreover, this approach largely overcomes the well-known limitations to the study of functional
connectivity due to signal mixing artifacts, i.e. any active brain source contributes to the signals
measured at all sensors through volume spread (39-41). Based on the above evidence, a specific
high-frequency cross-network behavior as a function of the resilience level and symptom severity is

expected.
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2. Methods and Materials

Participants and assessment

MEG data were recorded from 40 traumatized participants recruited from local health
service. Twenty were drug-free outpatients with a DSM-IV-TR (1) diagnosis of PTSD and twenty
were outpatients with trauma exposure who did not develop PTSD and thus represented the control
group (TENP)..

Exclusion criteria were the following: current or lifetime diagnosis of organic mental
disorder, schizophrenia, schizophreniform or other psychotic disorders, bipolar disorders,
substance-related disorders, a current diagnosis of depressive disorder, uncontrolled or severe
medical conditions, and any current or past psychopharmacological treatment.

The assessment included: the Clinician Administered PTSD Scale (CAPS) (37), the Connor-
Davidson Resilience Scale (CD-RISC) (36), Hamilton Scale for Depression (HAM-D) (42),
Hamilton Scale for Anxiety (HAM-A) (43) and Leeds Sleep Evaluation Questionnaire (L-SEQ)
(44). All participants underwent the clinical examination carried out by an expert psychiatrist
trained and certified in the use of the instruments. The Ethics Committee of the University “G.
D’Annunzio” of Chieti-Pescara approved all recruitment and assessment procedures. All subjects
included provided written informed consent, after receiving a complete description of the study and
having the opportunity to ask questions.

Notably, in this study we focused on traumatized participants, who were otherwise healthy
and without other psychiatric illnesses, and which were selected from a larger sample composed by
70 traumatized participants. This approach was designed to minimize the confounding of

comorbidity or psychotropic medications on connectivity.
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Procedures and Acquisition

MEG data were recorded by the whole-head 153-channel MEG system installed inside a
magnetically shielded room at the Institute of Advanced Biomedical Technologies (ITAB),
University “G. D’ Annunzio” of Chieti-Pescara (45, 46). All signals were band-pass filtered at 0.16—
250 Hz and digitized at 1 kHz.

The experimental paradigm consisted in 5 minutes of resting state, with the subjects sitting
under the MEG scanner, keeping their eyes open and fixating a center black cross displayed on a
white screen. The position of the subject’s head was determined by acquiring the signal of five coils
placed on the scalp. The positions of the coils and the anatomical landmarks were measured by a 3D
digitizer (3Space Fastrak; Polhemus) for coregistration to magnetic resonance (MR) anatomical
images. MR images were acquired after MEG, using a sagittal magnetization prepared rapid
acquisition gradient echo T1-weighted sequence (MP-RAGE; Philips Achieva 3 T; TR 8.1 s, echo

time TE 3.7 ms, flip angle 8°, voxel size 1x1x1 mm?).

MEG data analysis

MEG data preprocessing was based on Independent Component Analysis as detailed in the
Supplementary Material, and led to retaining nineteen out of twenty control subjects and nineteen
out of twenty patients for functional connectivity analysis.

MEG functional connectivity analysis was based on a seed based approach, i.e. between the
signal at the seed voxel and the signals at all other target brain voxels. The seed was chosen in the
medial Prefrontal Cortex (mPFC), the frontal node of the Default Mode Network (47), located at
coordinates - [2, 52, 23] - in MNI space. The functional connectivity values were derived from the
Multivariate Interaction Measure — MIM (48, 49), a multivariate extension of the imaginary part of
coherence (50). Details on the MIM metric and on the parameter settings used in this study are

given in the Supplementary Material.
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MIM measures the coupling between brain areas by revealing phase synchrony between
their oscillatory activities in selected frequency bands (48, 51), a putative mechanism for neuronal
communication both within neuronal assemblies and between different neuronal pools (52- 54).

In this work, functional connectivity through MIM was estimated for frequencies in the delta
to gamma brain rhythms, i.e. from 2 to 100 Hz, and consecutive frequency bins were averaged over
frequency bands, spanning the following ranges: delta (2-3 Hz), theta (4-7 Hz), low alpha (8-10
Hz), high alpha (10-12 Hz), beta (13-26 Hz), gamma (27-100 Hz). To assess voxel-wise statistical
significance of connectivity, a non-parametric Wilcoxon signed-rank test was used (p < 0.01,
Bonferroni corrected), leading to the identification of six whole-brain maps of connectivity to
mPFC for the whole subject group. Details are given in the Supplementary Material. To assess
possible differences in frequency specific connectivity patterns between the TENP and the PTSD

groups, a two-tail t-test was performed for each band separately. Significant differences between

groups were assessed by correction for multiple comparisons taking into account the average
number across subjects of independent components (p < 0.05, Bonferroni corrected).

Finally, the values of functional connectivity to mPFC for all frequency bands were
correlated with CD-RISC score and CAPS total score values, separately. This procedure was run
considering all participants together, as well as for the two separated groups. For each brain voxel, a
correlation value was obtained by calculating the Pearson correlation coefficient, and its
significance, between the connectivity of that voxel to mPFC and the CD-RISC or CAPS scores.
Correlation significance was further assessed by correction for multiple comparisons taking into
account the average number of independent components (p < 0.05, Bonferroni corrected). This
approach led to six whole-brain maps of correlation of the connectivity with mPFC with CD-RISC
scores, and six with CAPS scores. To investigate specific cross-networks relation with resilience, a
Pearson correlation analysis was also performed between the mean connectivity value between the

DMN node (mPFC) and the SN nodes (dACC, bilateral Insular cortex) and resilience score in the
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whole sample. Regions characterized by a significant connectivity with respect to mPFC were

extracted from the above maps. To assess the strength of the correlations, a percentile-based

bootstrap, with 10000 replicate samples, was performed to assess the 95% confidence intervals. To

confirm the correlation results, a general regression model (GRM) analysis was also performed,

entering the connectivity values as dependent variables, the psychometric scores (CD-RISC, CAPS,

HAM-A, HAM-D, L-SEQ) as continuous predictors and the clinical condition (PTSD, TENP) as

categorical modulator. A k-fold cross-validation approach (55) with k=10 was then applied to cross-

validate the GRM results.

Demographic and Clinical Statistical Analysis

Differences in gender, trauma load, age, trauma distance and clinical features between the
two groups were evaluated by using one-way Analysis of Variance (ANOVA). All statistical
analyses were performed by Statistica 6.1 software (Statsoft Italia srl, 2003). Homogeneity of

variance was assessed by means of the Brown-Forsythe test (p<0.05). Pearson correlation between

all clinical scores was also performed and Bonferroni corrected. A percentile-based bootstrap, with

10000 replicate samples, was applied to assess the 95% confidence interval.
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3. Results
Demographic and Clinical outcomes

The characteristics of the experimental

groups are summarized

in Table 1 and

Supplementary Table 1. Patients and traumatized control groups did not differ in age, trauma load

and trauma distance; groups also did not significantly differ in terms of gender: Chi square= 0.10

p=0.75. One-way ANOVA revealed that CAPS total score was statistically higher in PTSD patients

than in traumatized controls [F (1-38)=66.12 p<0.0001]. Furthermore, PTSD and traumatized

control groups differ in depression, anxiety and sleep quality scores. Specifically, both Hamilton A

and Hamilton D scores (Anxiety and Depression respectively) were statistically higher for PTSD

patients compared to traumatized controls: Hamilton A [F(1-38)=43.6 p<0.005]; Hamilton D [F(1-

38)=38.44 p<0.001]. Finally, the L-SEQ total score was higher in traumatized controls than in

PTSD patients [F(1-38)=4.3 p<0.05]. No statistical differences were observed between the two

groups in the CD-RISC total score.

Table 1 Demographic and clinical characteristics of the two subject groups

PTSD (N 20) TENP (N 20)

Number of females (%0) 11 (55) 10 (50)

mean SD mean SD
Age (ys) 36.1 10.19 37.35 9.8
Years from trauma (ys) 9.52 11.77 5.61 6.06
Trauma load 1.25 0.55 1.15 0.36
CAPS-tot 57.05* 15.08 16.45* 16.45
HAM-A 12.25* 7.44 5.6* 5.6
HAM-D 12.85* 6.70 5.7* 5.6
L-SEQ -20.63* 64.53 24.45* 72.62
CD-RISC-tot 66.7 8.92 72.25 13.93

Note: Indices represent the results of ANOVA (p<0.05)

Brunetti
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Whole group functional connectivity

Group functional connectivity maps for PTSD and TENP were similar for all frequency
bands, and no significant differences between groups were observed. When the two groups are
pooled together, a significant (p < 0.05, Bonferroni corrected) mPFC connectivity was observed
with several regions in the low and high alpha and in the beta frequency bands. Specifically, for the
low alpha frequency band, motor and pre-motor areas, intraparietal sulcus, insular cortex and
posterior cingulate cortex in the left hemisphere and a medial frontal region (rostral Cigulate
cortex/Supplementary Motor area) in the right hemisphere were significantly connected to mPFC.
For the high alpha frequency band, a large portion of the bilateral parietal and occipital cortices was
significantly connected to mPFC. For the beta frequency bands, bilateral medial frontal region
(rostral Cigulate cortex/Supplementary Motor area), bilateral dorsolateral Prefrontal cortex, bilateral
Intraparietal sulcus and bilateral inferior Temporal gyrus showed significant connectivity with

mPFC.

Correlation connectivity — CAPS

Whole group correlation maps between mPFC connectivity and CAPS total score did not
reach statistical significance. The same correlation performed separately for the two groups
revealed that, in the beta band and in the traumatized control group, CAPS score positively
correlated with connectivity of mPFC with left middle superior Frontal gyrus (ImSupFg), right
Superior Temporal gyrus (rSTg) and some midline regions as Posterior Cingulate cortex/Precuneus
(PCun), anterior medial Prefrontal cortex (ant-med PFC) and Anterior Cingulate cortex-medial
Prefrontal cortex (ACC-mPFC): the higher the midline regions connectivity, the higher the post-

traumatic symptom severity (Figure 1 and Supplementary Table 2). The percentile-based bootstrap

approach on the correlations between CAPS and connectivity of mPFC to Pcun, ACC-mPFC, ant-
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medPFC, rSTG resulted in an average confidence interval width of 0.823 (see Supplementary Table

2).

The General Linear Model (GRM) in which all the clinical scores were inserted as

independent variables and the clinical condition (PTSD vs. TENP) as categorial variable evidenced

that symptom severity together with resilience score significantly affect the observed functional

connectivity between the midline regions (Table 2). Furthermore, GRM results also evidenced that

group membership (PTSD vs TENP) significantly contributes to the observed functional

connectivities. Conversely, HAM-A, HAM-D, L-SEQ scores did not significantly contribute to the

observed connectivity, although these scores significantly differ between the PTSD and TENP

groups. The result cross-validation showed that the average accuracy of the model is around 82%

(see Table 2).

Finally, no significant correlation results were revealed by the PTSD group analysis alone.

12
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Table 2: General Regression Model Analysis and k-fold Cross Validation in the regions resulting from correlation
between mPFC connectivity and CAPS total score

ACC-

ant-

PCunl ImSupFg MPEC medPEC rSTg
Multiple R2 0.438 0.395 0.391 0.429 0.429
Whole model (model,dr]:esidual) 6,31 6,31 6,31 6,31 6,31
significance F 4.019 3.377 3.312 3.878 3.878
p 0.004 0.011 0.012 0.005 0.005
" Beta (R) 0.599 0.607 0.552 0.589 0.413
% t 2.183 2.133 1.933 2.130 1.495
© p 0.037 0.041 0.062 0.041 0.145
Beta (R) -0.422 -0.395 -0.377 -0.396 -0.462
" 8 é t -2.715 -2.450 -2.334 -2.530 -2.950
e p 0.011 0.020 0.026 0.017 0.006
& < Beta (R) 0.213 0.193 0.152 0.334 0.166
% <§; t 0.551 0.481 0.377 0.858 0.427
Q L p 0.586 0.634 0.709 0.398 0.673
E I Beta (R) -0.319 -0.374 -0.256 -0.460 -0.062
g <§;: t -0.894 -1.011 -0.689 -1.281 -0.173
© I p 0.378 0.320 0.496 0.210 0.864
& o Beta (R) -0.152 -0.048 -0.100 -0.056 -0.028
7 t -0.820 -0.250 -0.517 -0.297 -0.152
~ p 0.419 0.804 0.609 0.768 0.880
B o Beta (R) 0.691 0.760 0.765 0.776 0.667
£5 t 2.950 3.127 3.137 3.288 2.826
o ° p 0.006 0.004 0.004 0.003 0.008

k-fold Cross-Validation accuracy %
82 81.5 815 82 80.5

(k=10 ; mean= 81.6; sd= +0.6)

[ImSupFg: left medial Superior Frontal gyrus; PCunl: Posterior Cingulate cortex/Precuneus; ACC-mPFC: Anterior Cingulate cortex-
medial Prefrontal cortex; ant-medPFC: anterior medial Prefrontal cortex; rSTg: right Superior Temporal gyrus]

Brunetti
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Correlation connectivity— CD-RISC

Whole group correlation maps between mPFC connectivity and CD-RISC score in beta are
displayed in figure 2a. In this frequency band, a widespread negative correlation was observed
between several lateral and medial regions connectivity to mPFC and CD-RISC score: the higher
the connectivity of these regions to mPFC, the lower the resilience. In particular, a coupling
negatively correlated with resilience was observed between mPFC and sensory-motor regions
(bilateral V7, left Precentral gyrus-IPrec, left Middle Temporal gyrus-IMTg), posterior DMN node
(PCun) and Salience Network nodes (bilateral Insular cortex-1C, dorsal Anterior Cingulate Cortex-
dACC). To better represent the DMN-SN cross-networks relation with resilience, the subject level
correlation analysis was displayed as scatterplot in figure 2b (Pearson coefficient r =-0.405,

p<0.05). The percentile-based bootstrap approach on the correlations between CD-RISC and

connectivity of mPFC to dACC, IINS, rINS, IMTq, ImPFC, lITg, rAntMTg, Pcun, IV7, rV7, I0OCC,

ISTG resulted in an average confidence interval width of 0.576+ 0.042 (see Supplementary Table

3).

The correlation performed separately for the two groups revealed that the whole group
results were mainly explained by the traumatized control group data. In this group, indeed, a
correlation between brain connectivity to mPFC and CD-RISC score having a similar topography to
that observed in the whole group was displayed, with the exception of the Salience Network areas
(figure 3). No results were revealed by the PTSD group analysis alone.

The GRM in which all the clinical scores were inserted as independent variables and the

clinical condition (PTSD vs. TENP) as categorial variable evidenced that resilience score

significantly affects the observed functional connectivity between mPFC and all the regions

displayed in Figure 2. The same model showed that also PTSD symptoms severity significantly

affects the functional connectivity between mPFC and rAMTqg, dACC and rVV7 (see Table 3). As for

the CAPS, group membership significantly contributes to the observed functional connectivities

14
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while scores for anxiety, depression and sleep problems did not significantly contribute to the

observed connectivity. The result cross-validation showed that the average accuracy of the model is

around 81% (Table 3).
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Table 3: General Regression Model Analysis and k-fold Cross Validation in those regions resulting from correlation between mPFC connectivity and CD-RISC total score

dACC IINS riNS IPREC IMTg ImPFC IITg rAMTg PCun2 IV7 rv7 IOCC  ISTg

Multiple R2 0.439 0.357 0.453 0.395 0421 0.420 0.423 0.442 0.407 0.370 0.403 0.384 0.356
Whole model | df (model, residual) 6,31 6, 31 6, 31 6, 31 6, 31 6, 31 6, 31 6, 31 6, 31 6, 31 6, 31 6, 31 6, 31
significance F 4.041 2.869 4.284 3.378 3.760 3.744 3.782 4.089 3.545 3.038 3.481 3.221 2.862
p 0.004 0.024 0.003 0.011 0.006 0.006 0.006 0.004 0.009 0.019 0.010 0.014 0.025
n Beta (B) 0.623 0.448 0.522 0.407 0525 0.480 0.499 0.579 0.506 0.516 0.578 0.484 0.389
% t 2.273 1.529 1.932 1431 1888 1.723 1.797 2.119 1.796 1.779 2.046 1.687 1.327
© p 0.030 0.136 0.063 0.162 0.068 0.095 0.082 0.042 0.082 0.085 0.049 0.102 0.194
O Beta (B) -0.464 -0430 -0.49 -0.424 -0.432 -0.458 -0.444 -0.462 -0.439 -0.432 -0.463 -0.469 -0.406
8 %’ t -2.987 -2587 -3.240 -2.634 -2739 -2905 -2.819 -2984 -2,753 -2.631 -2.888 -2.884 -2.442
B p 0.005 0.015 0.003 0.013 0.010 0.007 0.008 0.006 0.010 0.013 0.007 0.007 0.021
g ' Beta (R) 0.075 0.138 0.328 0.480 0.075 0.169 0.314 0.201 0.218 0.078 -0.028 0.149 -0.272
= <§( < t 0.195 0.334 0.861 1199 0.192 0.432 0.803 0.523 0.550 0.190 -0.070 0.368 -0.659
8 T p 0.847 0.741 0.396 0.240 0.849 0.669 0.428 0.605 0.586 0.850 0.945 0.716 0.515
E . Beta (B) -0.279  -0.205 -0.570 -0.559 -0.153 -0.323 -0.476 -0.279 -0.307 -0.257 -0.191 -0.336 0.214
g <§( ) t -0.785 -0539 -1622 -1511 -0423 -0.892 -1317 -0.785 -0.837 -0.680 -0.519 -0.901 0.560
© T p 0.439 0.594 0.115 0.141  0.675 0.379 0.197 0.438 0.409 0.501 0.608 0.375 0.580
& o Beta (B) -0.058 -0.132 -0.093 -0.136 -0.185 -0.147 -0.149 -0.046 -0.135 -0.148 -0.164 -0.142 -0.226
'E'nIJ t -0.315 -0.668 -0.508 -0.707 -0.983 -0.781 -0.791 -0.250 -0.707 -0.753 -0.856 -0.733 -1.137
= p 0.755 0.509 0.615 0.485 0333 0.441 0.435 0.804 0.485 0.457 0.399 0.469 0.264
T o Beta () 0.753 0.558 0.648 0.557 0.646 0.671 0.647 0.723 0.638 0.622 0.601 0.559 0.573
£ § t 3.220 2.228 2.808 2293 2717 2.822 2.726 3.099 2.653 2511 2.487 2.281 2.285
© p 0.003 0.033 0.009 0.029 0.011 0.008 0.010 0.004 0.012 0.017 0.018 0.030 0.029
k-fold Cross-Validation accuracy %
(k=10 ; mean= 81 sd= % 14) Y 815 80 85 815 8l5 82 82 815 8 805 805 81 77

[dACC: dorsal Anterior Cingulate Cortex; r and | IC: right and left Insular cortex; IPrec: left Precentral gyrus; IMTg: left Middle Temporal gyrus; ImPFC: left medial Prefrontal
cortex; lITg: left Inferior Temporal gyrus; rAntMTg: right anterior Middle Temporal gyrus; PCun2: Posterior Cingulate cortex/Precuneus; r and | V7: visual area 7; IOCC: left
Occipital area; ISTg: left Superior Temporal gyrus]
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4. Discussion
The goal of our study was to investigate the specific relation of resilience and PTSD

symptom severity with resting state functional connectivity in traumatized participants with and

without PTSD development using the high temporal resolution deriving from MEG technique,
which offers the possibility to explore high frequency oscillations.

In this framework, relationships between connectivity and symptoms severity can help to
better understand the prognostic potential of the method and the brain dynamics underlying the
pathology. In our study, frontal DMN connectivity has been correlated with PTSD severity
measured by means of CAPS scale. In this study, the TENP group could represent the resilient
group, following the term meaning used by van der Werff (6). Indeed, even if in this case the
measured resilience score failed to differ between the two groups, trauma exposed individuals
which have not developed PTSD can be considered to have the capacity to positively react to a
traumatic event and avoid its negative consequences (6). Our results clearly indicate that, in the
TENP group, as symptoms severity increases, the connectivity between midline regions increases as
well in the beta band. This evidence is concordant with previous findings deriving from fMRI
studies. Specifically, Lanius and colleagues suggested that resting state functional connectivity of
the posterior node of DMN with anterior medial regions and amygdala was associated with current
PTSD symptoms (17). Interestingly, medial brain regions have been observed to be inter-connected
during self-referential information processing (12, 56- 58). In a recent review (59) the involvement
of midline regions in self-specific activity has been highlighted. The authors also demonstrated the
strong overlap between these self-related regions and DMN nodes, specifically in the anterior
aspect. The perigenual anterior cingulated cortex (PACC) has been considered as the hub of self-
related processing, together with mPFC and PCC also implicated in familiar and self processing. In
our TENP group, the correspondence between increased symptoms severity and increased

connectivity between regions related to self-referential processing and self perception could suggest
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that, as a consequence of traumatic experience, an exaggerated self-referenced status could
represent a risk factor for symptoms manifestation, even without full PTSD development.
Furthermore, these findings with mPFC were significant in the beta frequency band, thus possibly
indicating the association of beta oscillatory activity with the predominance of endogenous top-
down processing in this region. Engel & Fries (2010) (60) highlighted that beta band activity is
related to the maintenance of a given cognitive status, and that the enhancement of that activity
reflects endogenous vs exogenous components of subject status, as shown in our previous study on
social cognition (61). Moreover, beta band connectivity in networks involving both early and higher
order cortical areas serves maintenance of the cognitive status by synchronizing the activity of the
recruited brain areas (60). Based on the results from the present study, we would thus suggest that
the enhanced connectivity in the beta band observed in the midline regions in function of symptoms
severity may reflect the abnormal persistence of the status quo.

Contrarily to the expectance, these results did not reach statistical significance within the

PTSD group. This could likely explain the large confidence interval revealed by bootstrap

percentile based analysis on the whole group (thus pooling togheter PTSD and TENP). The reasons

of the lack of significance in PTSD could be various: first, symptoms expression could increase the
sample heterogeneity and variability in PTSD group, thus reducing the statistical power measured
within group; furthermore, the well-known involvement of subcortical activity (amygdala,
hippocampus) in PTSD pathophysiology could have reduced the general cortico-cortical
connectivity in this group, since the MEG has scarce sensitivity to deep source activity (62).
Finally, an alternative explanation may be that the increased activity of mPFC has been suggested to
be typical of after-trauma resilient subjects, suggesting that this region represents a neural marker in
trauma-related resilience (9), thus explaining the lack of evidence for mPFC connectivity in the

PTSD group.
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Furthermore, our data indicate that, in the whole traumatized group (pooling together PTSD
and TENP, thus regardless symptom development), a negative correlation exists between DMN
connectivity and sensory-motor regions in the beta band. These data are coherent with the
observation of heightened sensorial areas activation in traumatized groups as a consequence of
trauma (9).

Considering the whole group correlation maps, another interesting information arises: the
post trauma resilience score was inversely correlated with between-network connectivity.
Specifically, the results suggest that, in our traumatized participants, the higher the resilience, the
lower the cross-network connectivity between anterior DMN and three Salience Network (SN) core
nodes (dorsal anterior cingulated cortex-dACC, right and left insular cortex). The Salience Network
is a large-scale network encompassing the anterior insula and the dorsal ACC, over some
subcortical regions, and it is considered a central system focused on the identification of
biologically and cognitively relevant information for a coherent and flexible behavior and self-
awareness (63). The physiological interplay between DMN and SN during various cognitively
demanding tasks seems to show an antagonistic behavior (SN increasing with DMN decreasing)
(14, 24). Critically, an adequate SN functioning in mediating the dynamic interplay across networks
is necessary for an efficient DMN suppression during cognitive tasks, thus allowing a goal-directed
behavior (63). In general, inappropriate assignment of salience to external or internal stimuli caused
by SN dysfunction has been highlighted in different mental disorders, including schizophrenia and
anxiety disorders (23). In PTSD, an aberrant interconnectivity between DMN and SN may be at the
basis of altered self-referential mental activity (e.g. recurring thoughts, memories, etc). In an fMRI
study, Sripada and colleagues (2012) (25) demonstrated an increased coupling between the DMN
and SN in returning veterans with PTSD, suggesting an alteration within the interaction between

large-scale brain networks (see also Peterson et al. 2014 for a review) (22).
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Of note, our results indicate a negative correlation between DMN-SN connectivity and
resilience. One could speculate that resilience represents a protective factor to the aberrant cross
network communication. Indeed, the issue regarding whether people develop posttraumatic
symptoms after experiencing a traumatic event — in other words: why some people are vulnerable to
stressors and trauma and some other not — remains unclear right now. Recent findings coming from
the epigenetic field have shed new light on this issue (64-66), but also a role for resilience in
individual stressors coping skills has been clearly demonstrated. Resilience as a trait characteristic
has been found to reduce risk for posttraumatic stress disorder among individuals who experienced
childhood abuse (67). Furthermore, the effects of resilience on the likelihood of developing PTSD
in an inner-city sample of primary care patients has been assessed, demonstrating that a resilience
high score was associated with a decreased likelihood of PTSD (68). Finally, a recent fMRI study
demonstrated that resilience predicted PTSD symptoms severity at 5 to 6 weeks and at 3 months
post-trauma, suggesting that resilience is a significant predictor of PTSD symptoms severity and
could mediate the influence of childhood trauma on posttraumatic adjustment (30).

These finding are also supported by our further results derived by the TENP single group
correlation. Here the whole-group negative correlation between resilience and DMN-SN cross-
interaction disappears, thus reinforcing the hypothesis of a protective role of resilience for brain
functioning. Indeed, although the lack of statistically significant differences between groups in the
resilience score, our TENP group represents, among the whole traumatized participants, the one
with an average higher resilience that is likely to have allowed them to resist to full PTSD
manifestation. Looking at our findings as a continuum between healthy and pathological after

trauma outcomes, we suggest a relationship between resilience and a good dialog between those

networks needed to face a traumatic event and its long-term consequence on the individual

psychological life. Reinforcing subjective coping ability by means of an adequate psychotherapy

could represent an efficacious approach to post-traumatic treatment.
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This study presents some limitations. First, we are aware of the rather small sample size of

our research that could limit the conclusion derived from our results. Nevertheless, as mentioned

above, the participants’ selection was focused on traumatized participants who were otherwise

healthy and without other psychiatric illnesses and without any current or past

psychopharmacological treatment. They were selected from a larger sample composed by 70

traumatized participants. This approach was designed to minimize the confounding of comorbidity

or psychotropic medications on connectivity. Furthermore, the cross-sectional nature of this study

could represent a further limitation. For example, the conceptualization of resilience is still at an

early stage. Whether resilience could be considered a stable trait it is not yet confirmed.

Consequently, our findings on the interplay between brain connectivity and resilience level after

trauma should be re-considered along time. Indeed, even if our results are reinforced by the

regression analysis, a longitudinal study assessing the relation between brain connectivity and

resilience or PTSD severity could dispel any doubt on the intrinsic nature of this relation.

In conclusion, the present study moved from the question on why some people develop
PTSD after trauma and some others do not. Far from a definitive answer, we can however meditate
on the psychological, subjective meaning of a traumatic event for the individual. The salience
attributed to a single event could be different from person to person, and the aberrant saliency
detection surely has important repercussions on the consequent reaction to the context. The
relationship here observed between self-referential and saliency systems seems to indicate that a
self-referred reading of the environment represents a maladaptive strategy to react to trauma, and
that such a reading could be part of a general low resilience level. These findings convey a new
valuable insight: understanding how the resting state networks operate may help to provide more

targeted drugs and behavioral treatments for post-traumatic disorders.
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Captions

Figure

Figure

1: Correlation maps between mPFC — medial Prefrontal cortex - connectivity (the black dot indicates
the position of the seed used to calculate brain connectivity) and CAPS total score in the beta band
and in the trauma exposed non PTSD group (TENP). CAPS score was positively correlated with
connectivity of mPFC with midline regions. [ImSupFg: left medial Superior Frontal gyrus; PCun:
Posterior Cingulate cortex/Precuneus; ACC-mPFC: Anterior Cingulate cortex-medial Prefrontal

cortex; ant-medPFC: anterior medial Prefrontal cortex; rSTg: right Superior Temporal gyrus].

2: a) Whole group (TENP and PTSD pooled together) correlation maps between mPFC — medial
Prefrontal cortex - connectivity (the black dot indicates the position of the seed used to calculate
brain connectivity) and CD-RISC total score in the beta frequency band. A negative correlation of
CD-RISC score and connectivity of mPFC was observable in the follow regions: left Precentral
gyrus (IPrec); left Superior Temporal gyrus (ISTg); left medial Prefrontal cortex (ImPFC); left
Middle Temporal gyrus (IMTg); left and right Insular cortex (1IC and rIC repectively); left Inferior
Occipital gyrus (11Occ); dorsal Anterior Cingulate cortex (dACC); bilateral Posterior Cingulate
cortex/Precuneus (PCun); right and left Visual area 7(rV7 and IV7 respectively); left Inferior
Temporal gyrus (I1Tg); right Anterior Middle Temporal gyrus (rAntMTg). b) Scatterplot of Pearson
correlation between the mean connectivity in DMN and SN nodes and CD-RISC total score in the
whole sample (TENP and PTSD pooled together) [Pearson correlation; N=39, r=-0.405; p<0.05].

Figure 3: TENP group correlation maps between mPFC — medial Prefrontal cortex - connectivity (the black

dot indicates the position of the seed used to calculate brain connectivity) and CD-RISC total score
in the beta frequency band. A negative correlation of CD-RISC score and connectivity of mPFC was
observable in the follow regions: left Precentral gyrus (IPrec); left medial Prefrontal cortex (ImPFC);
left Middle Temporal gyrus (IMTg); bilateral Posterior Cingulate cortex/Precuneus (PCun); left
Inferior Temporal gyrus (1ITg); right Anterior Middle Temporal gyrus (rAntMTg).
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